Graphene has a negative thermal expansion coefficient; that is, when heated, the graphene lattice shrinks. On the other hand, the substrates typically used for graphene growth, such as silicon carbide, have a positive thermal expansion coefficient. Hence, on cooling graphene on SiC, graphene expands but SiC shrinks. This mismatch will physically break the atomic bonds between graphene and SiC. We have demonstrated that a graphenelike buffer layer on SiC can be converted to a quasifreestanding monolayer graphene by a rapid-cooling treatment. The decoupling of graphene from the SiC substrate was actually effective for reducing the electric carrier scattering due to interfacial phonons. In addition, the rapidly cooled graphene obtained in this way was of high-quality, strain-free, thermally stable, and strongly hole doped. This simple, classical, but quite novel technique for obtaining quasifreestanding graphene could open a new path towards a viable graphene-based semiconductor industry.
Graphene, a one atom thick two-dimensional crystal, has been considered as one of the promising candidate materials for the new generation of electronic devices because of its unique properties [1] [2] [3] . Among the several synthesis approaches employed, thermal decomposition of SiC is the most promising technique for high quality, transfer-free, and wafer-scale graphene production [4] [5] [6] . However, the carrier mobility in epitaxial monolayer graphene (EMLG) on SiC at room temperature is reduced compared to that at low temperatures due to the carrier scattering by phonons in the buffer layer [7] . The buffer layer is present between graphene and the SiC surface, and has a graphenelike honeycomb structure with covalent bonds to the Si atoms of SiC and with the 6 p 3 × 6 p 3R30 (6 p 3) reconstructed structure [8, 9] . It does not exhibit a graphene π band and is electrically inactive [10] . Thus, buffer layer elimination is key for reducing the phonon scattering. The most popular technique for buffer layer elimination is hydrogen intercalation in the interface [11] . In this way, the buffer layer can be converted to monolayer graphene, and then it is referred to as quasifreestanding monolayer graphene (QFSMLG) [11, 12] . In this Letter, we report on a novel technique for obtaining thermally stable QFSMLG without using explosive hydrogen gas, which has the advantage of greatly reducing the safety measures required. In order to obtain QFSMLG, we focused on the fact that graphene has a negative thermal expansion coefficient (TEC) [13] [14] [15] [16] . Figure 1(a) shows the temperature dependence of the lattice parameter a in graphene and 6H-SiC [13, 17] . The TEC in graphene is negative up to about 973 K and then changes sign at higher temperatures, but the a value at 1273 K is still lower than that at 50 K. We then anticipated that if we rapidly cooled the graphenelike buffer layer on SiC, the buffer layer would expand but the SiC would shrink, leading to the physical breaking of the bonds between them as illustrated in Fig. 1(b) . We here assumed that the TEC of the buffer layer was also negative, because the in-plane structure of the buffer layer and graphene is almost the same [8] . In this study, we demonstrate that the rapid cooling (RC) treatment actually converts the buffer layer into QFSMLG, which was homogeneous with p-type conduction and without the phonon scattering due to the buffer layer, and it was also free from strain and was thermally stable.
We prepared the buffer layer sample, which was homogeneous over an area of 5 × 5 mm 2 . [18] The RC process includes heating the buffer layer sample to more than 1073 K, followed by rapid cooling to 77 K by dropping it directly into liquid nitrogen [18] . In order to avoid oxidation during heating, the sample was vacuum sealed in a quartz tube.
We first checked the actual effect of the RC treatment by observing the interface directly using a high-resolution transmission electron microscope (HRTEM). Here we used multilayer graphene with 5-10 layers in order to easily visualize the RC effect. Figure 1(c) shows the results of the RC treatment. The initial graphene layers were directly attached to the SiC, while after the RC treatment from 1073 K, graphene layers detached from the substrate in some areas. This detachment was never observed in the asgrown graphene layers on SiC (0001) [8, [19] [20] [21] . Based on our further experiments, we concluded that the optimum temperature for the RC treatment was around 1173 K [18] . In addition, interestingly, the samples cooled from more than 1073 K exhibited a p-type conduction, but the other samples, including the initial one, had an n-type conduction according to our Hall-effect measurements [18] . These results indicated that the RC treatment from higher than 1073 K induced a significant change in the interface of graphene with SiC.
We then used the homogeneous buffer layer sample [18] . The samples were rapidly cooled from 1173 to 77 K. Figure 2 shows atomic force microscope (AFM) images, Raman spectra, and the reflection high-energy electron diffraction (RHEED) results of the samples before and after the RC treatment. Raman spectra in this study are substrate corrected by subtracting a signal from a clean SiC surface. In Fig. 2(a) , an atomically flat surface was observed. The AFM phase image has the major areas (95%) as bright and the minor (5%) as dark contrast. The contrast of the phase image is due to the difference in physical properties of the material. In the present case, the SiC surface is the darkest, and the thicker graphene has brighter contrast [8, 21] . In the Raman spectra in Fig. 2(c) , there are broad peaks at about 1350 and 1585 cm −1 . These peaks are the signature of the buffer layer [22] . The same features were observed at 30 different positions of this sample. These results indicated that about 95% of the surface of this sample was covered by the buffer layer, and the remaining 5% was the bare SiC surface.
After the RC treatment, the topographic features remained almost the same, as shown in Fig. 2(b) . However, the Raman spectrum was completely different, as shown in Fig. 2(d) . Instead of the broad peaks observed in the buffer layer, sharp peaks were clearly observed at 1595 and 2687 cm −1 . These peaks are known as the G and 2D bands, respectively, and are actually the evidence for the existence of graphene [23] . The 2D peak could be fitted by a single Lorentzian with a full width at half maximum of 42.1 cm −1 , and the intensity of the 2D band is stronger than that of the G band, indicating the presence of monolayer graphene [24] [25] [26] . The same peaks were detected at 27 different positions on this sample. Corresponding results were also obtained by the RHEED experiments, which are shown in Figs. 2(e) and 2(f). Before RC, the diffraction streaks and spots due to the buffer layer which have 6 p 3 structure were clearly observed along the arc shown by green arrows, in addition to the diffraction from SiC (blue arrows). After RC, these 6 p 3 spots completely disappeared and the diffraction streaks due to graphene can be observed as shown by red arrows. Thus, we concluded that the buffer layer was converted to monolayer graphene. We performed the same RC experiment using some other samples, and found that in a sample containing both the buffer layer and EMLG, they were converted to monolayer and bilayer graphene, respectively [18] .
In these experiments, the cooling rate is very important. Although it is difficult to precisely measure it, we roughly estimated that the sample was cooled from 1173 to 77 K in just a few seconds, considering the heat capacities and The AFM topography and phase images of (a) before and (b) after the RC treatment. The bright areas in (a) and (b) correspond to the buffer layer and RCG, and the dark areas correspond to the bare SiC surface. The Raman spectra of (c) before and (d) after the RC treatment. Typical size of the laser spot was about 1 μm. The RHEED patterns of (e) before and (f) after rapid cooling are also shown. The diffraction spots and streaks due to SiC, the buffer layer, and graphene are denoted by blue, green, and red arrows, respectively. L1 SiC spots indicate the diffraction spots of SiC in the first order Laue zone. Diffraction spots due to 6 p 3 buffer layer can be seen along the arc shown by green arrows.
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week ending 11 NOVEMBER 2016 thermal conductivities of the quartz tube and the SiC substrate. In order to confirm the effect of the RC treatment, we carried out the following control experiments. We heated the buffer layer sample to 1273 K, and then slowly cooled it down to 77 K within 10-20 sec. The Raman spectra in this experiment showed no changes before and after cooling [18] . These results clearly demonstrate that a very fast cooling rate is necessary for decoupling the buffer layer.
One of the significant features of the rapidly cooled graphene (RCG) is the position of the 2D band in the Raman spectrum. The typical EMLG has the 2D band at 2710-2730 cm −1 [24] [25] [26] , and graphene exfoliated from a graphite crystal has the 2D band at about 2670 cm −1 .
[23] This difference is due to the fact that the EMLG has a compressive strain due to the different TECs of graphene and SiC [24, 26] . The RCG in Fig. 2(d) had a 2D band at 2687 cm −1 . We measured the Raman spectra at more than 100 positions in several RCG samples, and found that all 2D peaks were located between 2625-2695 cm −1 , and their positions are rather similar to strain-free graphene. These facts indicate that RCG is free from compressive strain. In other words, the RC process was the trigger to release graphene from strain due to the substrate.
We next investigated the electronic properties and structures of RCG, and compared them to typical EMLG. Figure 3 shows the temperature dependence of the electrical resistance and the electronic band structure around the K point in reciprocal space. The resistance of EMLG increased with increasing temperature. The resistance of graphene obeys the following equation, according to Matthiessen's rule [27] [28] [29] [30] .
where R 0 , R LAP , and R IP are the residual resistance due to defects and impurities (which is not temperature dependent), the longitudinal acoustic phonon scattering of graphene, and interfacial phonon scattering term, respectively. Further,
Details of parameters and constants D A , k B , e, h, ρ s , v s , and v F are described in the Supplemental Material [18, 27] . And,
where C i is the coefficient of the electron-phonon couplings, and E i is the corresponding phonon energy. We used E 1 ¼ 70, E 2 ¼ 16, and E 3 ¼ 116 meV, corresponding to the phonon energies of the buffer layer for E 1 and E 2 and the SiC surface for E 3 , respectively [28] [29] [30] . In the case of RCG, R 0 was converted to R WL , which includes the weak localization correction,
Details of α, p, t, and T 0 values are described in the Supplemental Material [18, 31, 32] .
The resistance of EMLG was fitted by the parameters shown in Table I . The experimental plots were fitted quite well using these parameters. Here, phonon scattering in graphene was negligible. Figure 3 (a) also shows the contribution of each component. At 20 K, the phonon scattering was negligible and the main contribution is the residual resistance. With increasing temperature, the contribution of the interfacial phonon scattering increased. The plots of EMLG could be fitted using only C 1 and C 2 , reflecting the fact that graphene lies on a buffer layer, not directly on SiC. At room temperature, more than half of the resistance is due to the interfacial phonon scattering.
In contrast, the resistance of RCG had the significantly different temperature dependence shown in Fig. 3(b) . The ) is the enlargement of the high temperature region, and the red and blue curves in it correspond to the best fits using the phonon energies of the buffer layer and SiC, respectively. ARPES spectra around the K point of (c) EMLG and (d) RCG, together with the schematic diagram of the corresponding atomic structure. The intensity of the band was asymmetric about the K point because the horizontal axis is along the K-M-K 0 line in reciprocal space. [18] . resistance was highest at the lowest temperature, decreased with increasing temperature, and then increased at more than 220 K. The resistance increase at high temperatures may correspond to the phonon scattering. However, this increase could not be explained by the phonon scattering in the buffer layer, which is shown by the red curve in the inset in Fig. 3(b) . The resistance increase was more drastic, indicating a higher phonon energy for scattering the electrical carrier. Actually, the plots could be perfectly fitted using the SiC surface phonon energy 116 meV as shown by the blue curve. This fact indicates that RCG was located directly on SiC without any buffer layer. The overall fitting parameters are summarized in Table I . As the example of another interface modification, the parameters for graphene on the Si-N-C interface layer on SiC are also shown [33] . EMLG and graphene on Si-N-C layer had high C 1 and C 2 values and zero C 3 component. However, RCG had zero C 1 and C 2 , and high C 3 component. The C 3 value of 5500 seems very high, but the actual contribution of the SiC surface phonon to the overall resistance value was very small, as shown in Fig. 3(b) (total resistance, R LAP , R IP values of RCG at RT are 2388, 92, 63 Ω). Thus, compared with EMLG, the phonon scattering in RCG was significantly reduced.
The electronic band structures of EMLG and RCG revealed by angle resolved photoemission spectroscopy (ARPES) are shown in Figs. 3(c), 4(a) and 3(d), 4(c) , respectively. They are in agreement with the single Dirac cone, which is clear evidence for homogeneous monolayer graphene [34] . It should be noted that the buffer layer does not exhibit the Dirac cone [11] . In EMLG, the Dirac point is located at about 0.40 eV below the Fermi energy, indicating an electron doping of about 1 × 10 13 cm −2 [35, 36] . The electron doping in EMLG is understood to be a consequence of the spontaneous polarization of the noncentrosymmetric hexagonal SiC substrate and the presence of the buffer layer [37] . On the other hand, in RCG, the Dirac point is above the Fermi energy, and the estimated Dirac energy was at about þ0.48 eV, indicating heavy hole doping. It is known that the buffer layer elimination leads to hole doping [37] , and so this feature also indicated the lack of the buffer layer. Figure 4 is the wide area ARPES spectrum of (a),(a') EMLG, (b),(b') the buffer layer, and (c),(c') RCG, together with (d) the constant energy map of RCG at E F , (e) the momentum distribution curve (MDC), and (f) the band structure of graphene. The single Dirac cone of RCG along the K-M-K 0 line in the reciprocal space indicated the homogeneity of monolayer graphene in both its structural and electronic aspects. The hole concentration roughly estimated from the size of the Fermi surface was about 7.3 × 10 13 cm −2 . The Fermi velocity was also estimated from the slope of the band dispersion at the Fermi energy, and it was about 1.3 × 10 6 m=s, which is larger than that of hydrogen-intercalated QFSMLG [35, 38] .
In addition to the single Dirac cone, there appeared satellite bands in the ARPES spectrum of EMLG, as shown by red arrows in Figs. 4(a) ,(a') and 4(e) [18] . These satellite bands are induced from the buffer layer [34] . However, Figs. 4(c),(c') and 4(e) show that in RCG, there are no satellite bands. This is another indication of the absence of the buffer layer below RCG.
When the buffer layer is physically converted to monolayer graphene by the RC treatment, the topmost SiC surface has many dangling bonds. In the hydrogen-intercalated QFSMLG, these dangling bonds are satisfied by hydrogen atoms [12] . In order to understand the chemical states of the interface in RCG, we performed x-ray photoelectron spectroscopy (XPS) core level measurements [18] . We can imagine that as RCG was obtained by immersing the buffer layer in the liquid nitrogen, then nitrogen might be intercalated. However, there was no N 1 s peak in the RCG sample. Thus, the atomic intercalation is not dominant in the RC effect [18] . At present, we do not have experimental results that directly reveal the state of the Si dangling bonds and the origin of the high hole concentration. One possibility is that a very high amount of Si dangling bonds provides many electrical carriers. This is just one of the hypotheses and further investigation, including theoretical calculation, are needed.
Based on our experimental results, we have found that the buffer layer could be converted to monolayer graphene by the simple and classical RC technique. The RCG thus obtained was high-quality, strain-free, with less phonon scattering, and strongly hole doped. These features induced by the physical decoupling are similar to that of the quasifreestanding graphene produced by hydrogen intercalation. One disadvantage of the hydrogen-intercalated graphene was the lack of thermal stability. By heating at about 1173 K in vacuum, QFSMLG made by hydrogen intercalation was converted back to the buffer layer due to the hydrogen desorption [11] . In contrast, RCG remained as graphene, even after heating at 1273 K in vacuum, which was demonstrated by the fact that there were no significant changes in the Raman spectrum [18] . It is surprising because of the high reactivity of the Si dangling bonds. However, based on a straightforward analysis from the experimental results, there may be some effect which suppressed the recombination of C and Si. We here speculate the origin. One possibility is that the very small amount of oxygen, which was introduced after rapid-cooling treatment, suppressed the recombination. Another or additional possibility is that C-Si distance was too large, which was observed in a part of TEM images in Fig. S1 . The process of the physical decoupling is simple and does not need any explosive gases nor chemical treatments.
In this study, we used a post-growth rapid-cooling technique. The one-time use of the quartz tube is not appropriate for industrial processing. In addition, the small D band in Fig. 2(d) and the large R 0 value in Table I indicate that the RCG has sparse structural defects. These defects are probably due to relatively rough RC treatment and contamination from air during transfer. One alternative idea is the following. Just after we have grown the buffer layer, we can rapidly cool the sample within the chamber by blowing Ar gas onto the sample to transfer it onto a copper plate which is conductively cooled by liquid nitrogen. This process also helps us to avoid the contamination introduced during the transfer between experiments, which would reduce the residual resistance of RCG. Thus, we think it will be a significant contribution to the next generation of high-performance electronic device applications. 
